Enzyme or Electrode?  by Einsle, Oliver
Structure
Previewsthat MutS locally bends the DNA at the
mismatch site. Combining single-mole-
cule fluorescence techniques such as
those reported by Cho et al. (2012) with
single-molecule force experiments could
probe this effect and establish a firm
link between the structural work and the
mechanics of the mismatch-recognition
process. Of course, in order to place
the initial steps in the MMR pathway in
context and arrive at a full molecular
description of the process, an important
direction is to visualize the dynamics of
downstream events when MutS interacts1132 Structure 20, July 3, 2012 ª2012 Elseviwith other proteins such as MutL. Such
studies are underway in other laborato-
ries and undoubtedly will further enrich
our understanding of this important
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The process of dissimilatory metal reduction shapes our environment on a global scale by using minerals as
terminal acceptors in a biological electron transport chain employed by bacteria under anaerobic conditions.
In this issue of Structure, Edwards et al. present the structure of an extracellular undecaheme cytochrome
involved in the step of electron transfer to metal oxides.Respiratory metabolism couples transfer
of electrons along an electrochemical
potential gradient to the generation of
proton motive force that serves as an
energy source for many physiological
processes. We naturally associate the
term ‘‘respiration’’ with breathing air and
the use of molecular oxygen as the
terminal electron acceptor, but the
general concept of respiratory pathways
works for any suitable electron acceptor.
One of the best of these, as judged by
oxidizing power and abundance, is ferric
iron, Fe(III). Consequently, such ‘‘metal
respiration’’ is widespread in nature,
although it faces a substantial logistic
problem: in an oxidizing environment,
Fe(III) is rapidly precipitated, mainly in
the form of ferric hydroxides and hydro-
peroxides. Iron-respiring bacteria thus
have chosen to ‘‘breathe’’ on stones,
and to do so, they had to develop new
ways of delivering electrons to a virtually
insoluble substrate.There are three known strategies metal
reducers use to achieve this goal (New-
man, 2001). The first is to get Fe(III) into
the cell with brute-force, using iron
chelators, siderophores, as high-affinity
ligands that are secreted into the medium
and taken up by specialized receptors
for intracellular reduction. The second
strategy is fire-and-forget, where respira-
tory electrons reduce soluble carriers that
are then simply excreted. The third, and
arguably the most intricate and elegant
way, is dissimilatory iron reduction.
Here, Gram-negative metal-reducing
bacteria construct an electron transfer
chain that spans both the inner and outer
membrane. It connects the low-potential
electron reservoir of the menaquinol pool
in the cytoplasmic membrane to a ‘‘metal
reductase’’ located on the outside of the
outer membrane, where it can directly
interact with its insoluble substrate (Lov-
ley, 1993). Dissimilatory metal reducers
were found to adhere to mineral sub-strates with a measurable force, and the
deletion of an outer-membrane c-type
cytochrome disrupted this adhesion
(Lower et al., 2001, 2007).
Two genera of proteobacteria are
established as model systems for dissim-
ilatory metal reduction: Geobacter, d-pro-
teobacteria that couple the oxidation of
various aromatic and aliphatic hydrocar-
bons to the reduction of metal oxides,
and Shewanella, g-proteobacteria with
similar metabolic capabilities (Weber
et al., 2006). The metal-reducing activity
of both organisms depends on multiheme
cytochromes c that reside on the outside
of the outer membrane. In Shewanella
oneidensis, the required proteins form
most remarkable complexes around the
outer membrane that allow for an ordered
translocation of electrons (Beliaev and
Saffarini, 1998; Beliaev et al., 2001). A
gene cluster of structure mtrDEF-omcA-
mtrCAB contains two modules consisting
of periplasmic decaheme cytochromes
Figure 1. Arrangement of the Multiheme Cytochromes in
Dissimilatory Metal Reduction
In Shewanella species, the electron transfer chain of metal oxide respiration
originates in the menaquinone pool of the cytoplasmic membrane, fromwhere
the tetraheme quinol oxidase CymA transfers electrons to soluble carriers in
the periplasm. The outer membrane harbors the homologous MtrABC and
MtrDEF complexes and the decaheme cytochrome c OmcA. The extracellular
components MtrC, MtrF, and OmcA interact on the cell surface to form the
transfer points to insoluble metal oxides, conductive pili, or soluble metal
chelates.
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Previews(MtrA and MtrD), transmem-
brane porins (MtrB and
MtrE), and extracellular deca-
heme proteins (MtrB and
MtrF; Figure 1). Electron
transfer takes place through
the porins, and OmcA, which
is similar in sequence to MtrB
and MtrF, supports the two
as an additional, extracellular
reductase (Hartshorne et al.,
2009).
A recent crystal structure
of MtrF revealed an unprece-
dented protein architecture
and a unique type of heme
arrangement not usually
found in periplasmic c-type
cytochromes (Clarke et al.,
2011). MtrF is a disc-shaped
molecule with four distinct
domains, two of which are
pentaheme cytochromes,
while the other two are
b-barrel structures that are
highly unusual for this classof metalloproteins. The cross-shaped,
flat arrangement of heme groups
suggests an extended interaction area
with a mineral surface. This addresses
what might be the most intriguing ques-
tion about the function of these systems:
are cell-surface metal reductases really
enzymes? Do they recognize and bind
substrates before catalyzing the specific
transfer of electrons? Or are they better
described as lightning rods, as postulated
for the conductive pili found in some
Geobacter species? The structure of
MtrF quite clearly suggests the latter, as
flexible propionate side chains of the
hemes were oriented toward the protein
surface and all heme groups had two
histidines as axial ligands, thus ruling out
the direct coordination of substrate typi-
cally seen in multiheme enzymes (Einsle,
2011). The authors consequently referred
to MtrF as an ‘‘electron conduit’’ (Clarke
et al., 2011), supported by the fact that
the observed metal specificity was very
low, in agreement with known ability of
metal-reducing bacteria to function with
a range of electron acceptors, such as
Fe(III), Mn(IV), or even U(VI).
In this issue of Structure, Edwards et al.
(2012) describe a crystal structure of
another outer-membrane metal-reducing
cytochrome, the undecaheme protein
UndA from Shewanella sp. HRCR-6 at1.8 A˚ resolution. They find that the overall
structure of UndA closely resembles that
of MtrF, with the presence of an additional
heme group that breaks the internal
pseudo-2-fold symmetry. The domain
architecture and, in particular, the arrange-
ment of the ten corresponding hemes are
largely retained.Theadditionalhemegroup
is again bis-histidinyl-coordinated, placing
its role inelectron transfer rather than redox
catalysis. However, the solvent accessi-
bility and surface charge distribution of
UndA seem to put particular focus on this
heme. Making use of the improved resolu-
tion of the UndA structure as compared to
MtrF (3.2 A˚), Edwards et al. (2012) per-
formed a series of soaking experiments in
order to identify possible substrate binding
sites. Notably, they investigated the possi-
bility raised in a recent publication that the
outer membrane cytochromes may serve
in transferring electrons not directly to
metal oxides, but rather to soluble carriers
such as flavin nucleotides (Ross et al.,
2009). Crystals of UndA soaked with
different flavin derivatives orwithmenaqui-
none showed no signs of ligand binding,
and neither did Fe(III)-EDTA, a complex
that is stable, but not of physiological rele-
vance. In contrast, two other iron chelate
complexes did bind to UndA, and both
did so in a consistentmanner. Fe(III)-citrate
and Fe(III)-nitrilotriacetic acid (NTA) areStructure 20, July 3, 2012 ª2012 Elsevstructurally similar compounds
that form complexes of
varying, concentration-depen-
dent stoichiometries. Match-
ing electron density maxima
were observed in close prox-
imity to hemes 1 and 7, the
latter being the additional
heme group that distinguishes
UndA from MtrF. Binding of
the compounds occurred at
distances that would allow
efficient electron transfer, but
at sites that did not indicate a
very high degree of specificity.
What does this mean for
our understanding of outer
membrane cytohrome func-
tion? First, the proteins do
seem to fulfill their function
as electron conduits at the
cell surface. The terminal
redox processes after leaving
the inner membrane are not
coupled to the generation of
proton motive force, andthus the cell has no specific requirements
from an electron acceptor other than
a sufficiently positive redox potential. At
the same time, small metal oxide
complexes with physiologically relevant
ligands such as citrate or NTA can interact
with these cytochromes as well, and the
11th heme of UndA may well be an
evolutionary addition to improve this
interaction.
This also suggests that these sophisti-
cated protein systems can act on insol-
uble mineral surfaces (or on the elec-
trodes of biofuel cells) as well as on
small molecule compounds and possibly
on multiple interaction partners to allow
the cell to rid itself of excess electrons.
The differences between MtrF and UndA
are a strong indication that this is the
result of evolutionary optimization, and
we can safely predict that further studies
on the enzymes of metal respiration will
hold more unexpected insights.REFERENCES
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